NON-TECHNICAL SUMMARY
Traditional growth theory in line with the augmented Solow-Swan model implies a long-run relationship between labour productivity and the determinants of the steady state, while the steady state displays cross-country heterogeneity and varies over time, and the adjustment process towards equilibrium is consistent with a non-linear equilibrium correction model. This Paper examines empirically the determinants of both the steady state and the dynamic adjustment path towards the steady state in the context of a variant of the augmented Solow-Swan (Solow, 1956; Swan, 1956; Mankiw, Romer and Weil, 1992 ) model using post-war data for the G7 economies.
Several recent papers have highlighted that many of the early studies investigating growth dynamics using cross-sectional regressions are subject to serious econometric difficulties, directing researchers towards econometric techniques that allow cross-country heterogeneity. In this Paper, we employ time-series methods that allow us to accommodate the presence of crosscountry heterogeneity both in the steady state and in the dynamic adjustment path (Durlauf and Quah, 1999; Temple, 1999) . The empirical model proposed here is derived from extending the traditional augmented Solow-Swan model by allowing for a stochastic element, with the steady-state equilibrium level of labour productivity modelled as a stochastic process varying both over time and across countries, determined by the level of technology, rate of capital accumulation and rate of labour force growth.
Although some recent research recognises the importance of allowing the determinants of the steady state to be stochastic, there is no empirical study in the relevant literature -to the best of our knowledge -which tests the augmented Solow-Swan model with each of the determinants of the steady state allowed to be stochastic. In other words, the assumption that at least one of technology level, rate of capital accumulation and rate of labour force growth is non-stochastic is routinely made in the empirical literature and this may, at least partially, explain the failure of detecting cointegration in the static regression implied by the augmented Solow-Swan model (eg. Cellini, 1997; Sarno, 1999) .
Further, the augmented Solow-Swan model predicts that labour productivity is governed by a law of motion, which suggests non-linear adjustment towards long-run equilibrium: this is, however, a theoretical implication largely neglected by the relevant empirical literature to date. This theoretical prediction appears to be consistent with the strong empirical evidence reported by the recent literature (discussed below) suggesting that the dynamics of post-war business cycles in the G7 countries display significant non-linearities. Thus, one might expect that allowing for non-linear adjustment towards equilibrium in the empirical modelling of economic growth may yield some improvement upon the corresponding linear equations.
The present Paper contributes to the relevant literature in that we propose an empirical growth model, which may be viewed as a generalization of the augmented Solow-Swan model, explicitly allowing for non-linear adjustment towards the long-run equilibrium as well as for spillovers in growth dynamics across countries. Using post-war data for the G7 countries, we can establish cointegration in the static regression predicted by the augmented Solow-Swan model, with correctly signed and plausible implied estimates of the production function parameters. Our results clearly suggest that technology, capital accumulation rate and labour force growth generate a stochastic long-run equilibrium level of labour productivity. Our analysis ultimately results in the estimation of a non-linear equilibrium correction model, where each of the variables determining the steady state is treated as stochastic, the cointegrating vector implies plausible estimates of the production function parameters, and the adjustment towards equilibrium is found to be particularly well characterized by a logistic cumulative distribution function of the type proposed by Granger and Swanson (1996) . The empirical model allows for the dynamics of labour productivity in one country to be affected by the equilibrium errors from other countries, suggesting the existence of significant spillover effects in growth dynamics within the G7.
In turn, these results have a fairly intuitive interpretation and important policy implications.
Wklv sdshu h{dplqhv hpslulfdoo| wkh ghwhuplqdqwv ri erwk wkh vwhdg| vwdwh dqg wkh g|qdplf dgmxvwphqw sdwk wrzdugv wkh vwhdg| vwdwh lq wkh frqwh{w ri d yduldqw ri wkh dxjphqwhg Vrorz0Vzdq +Vrorz/ 4<89> Vzdq/ 4<89> Pdqnlz/ Urphu dqg Zhlo/ khqfhiruwk PUZ/ 4<<5, prgho xvlqj srvwzdu gdwd iru wkh J: hfrqrplhv1 Vhyhudo uhfhqw sdshuv kdyh kljkoljkwhg wkdw pdq| ri wkh hduo| vwxglhv lqyhvwl0 jdwlqj jurzwk g|qdplfv xvlqj furvv0vhfwlrqdo uhjuhvvlrqv duh vxemhfw wr vhulrxv hfrqrphwulf gl!fxowlhv/ gluhfwlqj uhvhdufkhuv wrzdugv hfrqrphwulf whfkqltxhv zklfk doorz furvv0frxqwu| khwhurjhqhlw|1
4 Lq wklv sdshu/ zh hpsor| wlph vhulhv phwkrgv zklfk doorz xv wr dffrpprgdwh wkh suhvhqfh ri furvv0frxqwu| khwhur0 jhqhlw| erwk lq wkh vwhdg| vwdwh dqg lq wkh g|qdplf dgmxvwphqw sdwk1 Wkh hp0 slulfdo prgho sursrvhg khuh lv ghulyhg iurp h{whqglqj wkh wudglwlrqdo dxjphqwhg Vrorz0Vzdq prgho e| doorzlqj iru d vwrfkdvwlf hohphqw/ zlwk wkh vwhdg|0vwdwh htxloleulxp ohyho ri oderxu surgxfwlylw| prghoohg dv d vwrfkdvwlf surfhvv ydu|lqj erwk ryhu wlph dqg dfurvv frxqwulhv/ ghwhuplqhg e| wkh ohyho ri whfkqrorj|/ udwh ri fdslwdo dffxpxodwlrq dqg udwh ri oderxu irufh jurzwk1 Dowkrxjk vrph uhfhqw uhvhdufk uhfrjqlvhv wkh lpsruwdqfh ri doorzlqj wkh ghwhuplqdqwv ri wkh vwhdg| vwdwh wr eh vwrfkdvwlf/ wkhuh lv qr hpslulfdo vwxg| lq wkh uhohydqw olwhudwxuh 0 wr wkh ehvw ri rxu nqrzohgjh 0 zklfk whvwv wkh dxj0 phqwhg Vrorz0Vzdq prgho zlwk hdfk ri wkh ghwhuplqdqwv ri wkh vwhdg| vwdwh doorzhg wr eh vwrfkdvwlf1 Lq rwkhu zrugv/ wkh dvvxpswlrq wkdw dw ohdvw rqh ri whfkqrorj| ohyho/ udwh ri fdslwdo dffxpxodwlrq dqg udwh ri oderxu irufh jurzwk lv qrqvwrfkdvwlf lv urxwlqho| pdgh lq wkh hpslulfdo olwhudwxuh dqg wklv pd|/ dw ohdvw sduwldoo|/ h{sodlq wkh idloxuh ri ghwhfwlqj frlqwhjudwlrq lq wkh vwdwlf uhjuhvvlrq lpsolhg e| wkh dxjphqwhg Vrorz0Vzdq prgho +hj1 Fhoolql/ 4<<:> Vduqr/ 4<<<,1 Ixuwkhu/ wkh dxjphqwhg Vrorz0Vzdq prgho suhglfwv wkdw oderxu surgxfwly0 lw| lv jryhuqhg e| d odz ri prwlrq zklfk vxjjhvwv qrqolqhdu dgmxvwphqw wr0 zdugv orqj0uxq htxloleulxp= wklv lv/ krzhyhu/ d wkhruhwlfdo lpsolfdwlrq odujho| qhjohfwhg e| wkh uhohydqw hpslulfdo olwhudwxuh wr gdwh1 Wklv wkhruhwlfdo suhglf0 wlrq dsshduv wr eh frqvlvwhqw zlwk wkh vwurqj hpslulfdo hylghqfh uhsruwhg e| wkh uhfhqw olwhudwxuh +glvfxvvhg ehorz, vxjjhvwlqj wkdw wkh g|qdplfv ri srvwzdu exvlqhvv f|fohv lq wkh J: frxqwulhv glvsod| vljqlfdqw qrqolqhdulwlhv1 Wkxv/ rqh pljkw h{shfw wkdw doorzlqj iru qrqolqhdu dgmxvwphqw wrzdugv htxloleulxp lq wkh hpslulfdo prghoolqj ri hfrqrplf jurzwk pd| |lhog vrph lpsuryhphqw xsrq wkh fruuhvsrqglqj olqhdu htxdwlrqv1
Wkh suhvhqw sdshu frqwulexwhv wr wkh uhohydqw olwhudwxuh lq wkdw zh sur0 srvh dq hpslulfdo jurzwk prgho zklfk pd| eh ylhzhg dv d jhqhudolvdwlrq ri wkh dxjphqwhg Vrorz0Vzdq prgho/ h{solflwo| doorzlqj iru qrqolqhdu dgmxvwphqw wrzdugv wkh orqj0uxq htxloleulxp dv zhoo dv iru vslooryhuv lq jurzwk g|qdplfv dfurvv frxqwulhv1 Xvlqj srvwzdu gdwd iru wkh J: frxqwulhv vlqfh 4<83/ rxu dqdo|vlv xowlpdwho| uhvxowv lq wkh hvwlpdwlrq ri d qrqolqhdu htxloleulxp fruuhf0 wlrq prgho 5 +HFP,/ zkhuh hdfk ri wkh yduldeohv ghwhuplqlqj wkh vwhdg| vwdwh lv wuhdwhg dv vwrfkdvwlf/ wkh frlqwhjudwlqj yhfwru lpsolhv sodxvleoh hvwlpdwhv ri wkh surgxfwlrq ixqfwlrq sdudphwhuv/ dqg wkh dgmxvwphqw wrzdugv htxloleulxp lv irxqg wr eh sduwlfxoduo| zhoo fkdudfwhulvhg e| d orjlvwlf fxpxodwlyh glvwulexwlrq ixqfwlrq ri wkh w|sh sursrvhg e| Judqjhu dqg Vzdqvrq +4<<9,1 Wkh hpslulfdo prgho doorzv iru wkh g|qdplfv ri oderxu surgxfwlylw| lq rqh frxqwu| wr eh di0 ihfwhg e| wkh htxloleulxp huuruv iurp rwkhu frxqwulhv/ vxjjhvwlqj wkh h{lvwhqfh ri vljqlfdqw vslooryhu hhfwv lq jurzwk g|qdplfv zlwklq wkh J:1 Wkh uhpdlqghu ri wkh sdshu lv vhw rxw dv iroorzv1 Lq Vhfwlrq 5 zh rxwolqh wkh wkhruhwlfdo jurzwk olwhudwxuh prwlydwlqj rxu hpslulfdo zrun/ lq dgglwlrq wr glvfxvvlqj vrph uhohydqw hpslulfdo olwhudwxuh1 Lq Vhfwlrq 6 zh ghvfuleh rxu hpslulfdo prghoolqj vwudwhj|/ eulh | lqwurgxflqj wkh uhfhqwo| ghyhorshg wkhru| ri htxloleulxp fruuhfwlrq prghov iru qrqolqhdu dwwudfwruv1 Vhfwlrq 7 ghvfulehv wkh gdwd1 Lq Vhfwlrq 8 zh uhsruw dqg glvfxvv wkh hpslulfdo uhvxowv1 D qdo vhfwlrq frqfoxghv1
Prghoolqj hfrqrplf jurzwk
Lq wklv vhfwlrq/ zh eulh | pdnh uhihuhqfh wr wkh wkhruhwlfdo jurzwk olwhudwxuh wkdw lv uhohydqw wr wklv sdshu dqg sxw wkh vshflfdwlrqv hpsor|hg lq wkh hpslulfdo dqdo|vlv glvfxvvhg ehorz lq frqwh{w1
Frqvlghu d frqvwdqw0uhwxuqv0wr0vfdoh surgxfwlrq ixqfwlrq/ iru zklfk wkh Lq0 dgd frqglwlrqv krog= Dowkrxjk wkh dvvxpswlrq ri krprjhqhlw| ri j dfurvv wkh frxqwulhv ri wkh RHFG +khqfh wkh J:, lv whqdeoh lq wkh oljkw ri wkh uhfhqw olwhudwxuh vxjjhvwlqj wkdw wkh udwh ri dgydqfhphqw ri nqrzohgjh lv qrw frxqwu|0vshflf dfurvv pdmru lqgxvwuldolvhg frxqwulhv Zkloh wkhvh prghov pd| eh xvhg wr prwlydwh uhodwlrqvklsv ehwzhhq rxwsxw jurzwk g|qdplfv dv zhoo dv ehwzhhq rxwsxw ohyhov dfurvv frxqwulhv/ lq wklv sdshu zh irfxv rq wkh hhfwv ri vslooryhuv lq jurzwk g|qdplfv1 Ghqlqj iru vlpsolflw| wkh qrqolqhdu ixqfwlrq jryhuqlqj wkh dgmxvwphqw wrzdugv htxloleulxp I + , dqg dvvxplqj dq Q 0frxqwu| zruog/ zh frqvlghu wkh iroorzlqj jhqhudolvdwlrq ri wkh qrqolqhdu HFP jryhuqlqj wkh oderxu surgxfwlylw| g|qdplfv ri frxqwu| m 5 i4> 5> = = = > Qj=
zkhuh vwdelolw| +frqyhujhqfh wr wkh vwhdg| vwdwh, uhtxluhv d qrq0}hur uhvsrqvh wr ioq | AE oq |j mw +lh1 m 9 @ 3,/ zkloh d qrq0}hur uhvsrqvh wr ioq | AE oq |j lw +l @ 4> 5> ===> Q > l 9 @ m, lpsolhv wkh h{lvwhqfh ri vslooryhu hhfwv ehwzhhq frxqwu| 8 Pdq| ri wkh suhglfwlrqv ri wkh prgho duh lq idfw suhvhuyhg lq prghov zlwk pruh ixoo| vshflhg plfurirxqgdwlrqv/ dowkrxjk vrph duh irxqg wr ghshqg xsrq krz fxuuhqw jhqhudwlrqv zhljk wkh zhoiduh ri ixwxuh jhqhudwlrqv1 Idluo| urexvw suhglfwlrqv duh/ lqwhu dold/ wkdw wkh vwhdg| vwdwh ydulhv dfurvv frxqwulhv dqg wkdw frqyhujhqfh wrzdugv wkh vwhdg| vwdwh jurzwk sdwk rffxuv judgxdoo| +vhh Eduur dqg Vdod0l0Pduwlq/ 4<<8,1 Dovr/ zlwklq wkh qhrfodvvlfdo iudphzrun/ rshqlqj xs wkh prgho jhqhudoo| vxjjhvwv wkdw lqwhudfwlrq zlwk rwkhu frxqwulhv kdv qr hhfw rq dq hfrqrp|*v orqj0uxq jurzwk +hj1 Djklrq dqg Krzlww/ 4<<;/ Fkdswhu 44,1 Wkhuh pd| eh/ krzhyhu/ lqwhuhvwlqj hhfwv ri rshqqhvv rq wkh wudqvlwlrq wr wkh vwhdg| vwdwh/ iru h{dpsoh zlwk lqwhuqdwlrqdo fdslwdo rzv dhfwlqj +xvxdoo| udlvlqj, wkh udwh ri frqyhujhqfh +vhh Eduur dqg Vdod0l0Pduwlq/ 4<<8/ Fkdswhu 6> Djklrq dqg Krzlww/ 4<<;/ Fkdswhu 44,1 m dqg frxqwu| l1 9 Dowkrxjk wkh doorzdqfh iru vslooryhu hhfwv lq +8, lv udwlr0 qdolvhg rq wkh edvlv ri vw|olvhg idfwv dqg rxu hfrqrplf sulru ri wkh h{lvwhqfh ri vljqlfdqw vslooryhu hhfwv udwkhu wkdq gluhfwo| ghulyhg iurp wkh Vrorz0Vzdq wkhru| xqghuo|lqj wklv zrun/ wkh sulqflsdo prwlydwlrq ri wklv sdshu lv hpslulfdo dqg zh frqvlghu wklv doorzdqfh dq lpsruwdqw hohphqw ri wkh hpslulfdo prghoolqj ri hfrqrplf jurzwk1 Wkh devhqfh ri vkruw0uxq uhodwlrqvklsv ehwzhhq rqh frxq0 wu|*v +vd| m*v, oderxu surgxfwlylw| odz ri prwlrq dqg ghyldwlrqv iurp wkh vwhdg| vwdwh lq rwkhu frxqwulhv zrxog vkrz xs lq wkh odfn ri vwdwlvwlfdo vljqlfdqfh ri wkh vshhg ri dgmxvwphqw sdudphwhuv dvvrfldwhg wr ioq | AE oq |j mw lq I + , iru l 9 @ m dqg/ wkhuhiruh/ wkh froodsvh ri htxdwlrq +8, wr wkh odz ri prwlrq +7,1 Jlyhq +6,0+8,/ htxloleulxp fruuhfwlrq dqg frlqwhjudwlrq whfkqltxhv vhhp wr eh d qdwxudo zd| ri whvwlqj wkh lpsolfdwlrqv ri wkh hpslulfdo prgho suhvhqwhg khuh1 Hvwdeolvklqj frlqwhjudwlrq ehwzhhq oderxu surgxfwlylw| dqg lwv ghwhupl0 qdqwv lpsolhv wkh vwdwlrqdulw| ri wkh glhuhqfh ehwzhhq wkh vwhdg|0vwdwh ohyho ri oderxu surgxfwlylw| dqg lwv fxuuhqw ohyho dv zhoo dv wkh vwdwlrqdulw| ri oderxu surgxfwlylw| jurzwk/ dovr vxjjhvwlqj wkh h{lvwhqfh ri dq HFP +Judqjhu/ 4<;9> Hqjoh dqg Judqjhu/ 4<;:,1 Judqjhu dqg Vzdqvrq +4<<9, vwurqjo| hpskdvlvh wkh lpsruwdqfh ri lqyhvwljdwlqj wkh +olqhdu ru qrqolqhdu, HFP lpsolhg e| d frlq0 whjudwlqj uhodwlrqvkls vlqfh frlqwhjudwlrq lv cmxvw d surshuw|* +s1 876,/ zkhuhdv dq HFP lv d srwhqwldo gdwd jhqhudwlqj phfkdqlvp1
Dv phqwlrqhg hduolhu/ suhylrxv hpslulfdo vwxglhv kdyh w|slfdoo| nhsw {hg dw ohdvw rqh ri wkh ghwhuplqdqwv ri wkh vwhdg| vwdwh lpsolhg e| wkh dxjphqwhg Vrorz0Vzdq prgho/ jhqhudwlqj d srwhqwldo rplwwhg yduldeohv sureohp1 Dovr/ d ixuwkhu srvvleoh udwlrqdol}dwlrq ri wkh gl!fxow| lq hvwdeolvklqj frlqwhjudwlrq lq wklv frqwh{w lv wkdw wkh vsdq ri dydlodeoh gdwd pd| eh wrr vkruw wr surylgh vx!0 flhqw whvw srzhu lq frqyhqwlrqdo xqlw urrw whvwv +Vkloohu dqg Shuurq/ 4<;8,1 Wklv pd| eh sduwlfxoduo| lpsruwdqw li wkh dgmxvwphqw wrzdugv htxloleulxp lv vorz 0 hj1 vkrfnv wr wkh vwhdg|0vwdwh ohyho ri oderxu surgxfwlylw| duh kljko| shuvlvwhqw 0 dqg li wkh wuxh dgmxvwphqw wrzdugv htxloleulxp rffxuv qrqolqhduo|/ zklfk pd| eh h{shfwhg jlyhq htxdwlrqv +7,0+8, +vhh Edonh dqg Irpe|/ 4<<:> Hqghuv dqg Judqjhu/ 4<<;,1 Judqjhu dqg Vzdqvrq +4<<9,/ iru h{dpsoh/ xsgdwh wkh gdwd vhw xvhg e| Nlqj/ Sorvvhu/ Vwrfn dqg Zdwvrq +4<<4, 0 zkr irxqg frlqwhjudwlrq ehwzhhq oderxu surgxfwlylw| dqg wrwdo idfwru surgxfwlylw| xvlqj wkrvh gdwd 0 dqg ghwhfw vwurqj qrqolqhdulw| lq wkh g|qdplf uhodwlrqvklsv ehwzhhq wkh wlph vhulhv h{dplqhg1 : Nrqwrohplv +4<<:, dovr surylghv vwurqj hylghqfh ri dv|p0 phwu| ri exvlqhvv f|fohv lq wkh J: frxqwulhv1 Vduqr +4<<<, ghwhfwv hylghqfh ri qrqolqhdulw| lq srvwzdu oderxu surgxfwlylw| jurzwk ri wkh J: frxqwulhv/ zklfk lv fdswxuhg xvlqj d orjlvwlf vprrwk wudqvlwlrq dxwruhjuhvvlyh prgho/ dqg d qdwxudo h{whqvlrq ri wklv zrun lv wr hpsor| qrqolqhdu htxloleulxp fruuhfwlrq prghov1
Wkh suhvhqw sdshu pd| eh vhhq dv dq h{whqvlrq ri wklv vwudqg ri wkh olwhudwxuh/ lq wkdw zh hvwlpdwh wkh vwrfkdvwlf vwhdg| vwdwh iru hdfk ri wkh J: frxqwulhv xvlqj srvwzdu gdwd vlqfh 4<83 dqg wkhq hvwlpdwh qrqolqhdu htxloleulxp fruuhfwlrq prghov zlwk wkh dgmxvwphqw wrzdugv orqj0uxq htxloleulxp prghoohg e| dgrswlqj hfrqrplfdoo| lqwhusuhwdeoh sdudphwulf vshflfdwlrqv/ zklovw dovr doorzlqj iru vslooryhu hhfwv lq jurzwk g|qdplfv zlwklq wkh J:1 6 Qrqolqhdu hfrqrphwulf whfkqltxhv Wkh vwduwlqj srlqw ri wkh prghoolqj vwudwhj| dgrswhg lq wklv sdshu lv wkh jhqhudo0 lvdwlrq ri olqhdu frlqwhjudwlrq dqg htxloleulxp fruuhfwlrq lq d qrqolqhdu vhwwlqj1
yhfwru ri L+3, }hur0phdq surfhvvhv1 D frpprq lqwhusuhwdwlrq lv wkh fdvh zkhq Q w Z w @ 3 lv wkh dwwudfwru +htxloleulxp, ri wkh v|vwhp/ dqg nY w n pd| eh vhhq dv d phdvxuh ri wkh h{whqw wr zklfk wkh v|vwhp lv rxw ri htxloleulxp1 Dvvxplqj
zkhuh ghqrwhv wkh uvw glhuhqfh rshudwru/ $ w lv zklwh qrlvh/ dqg k+ , lv d ixqfwlrq vxfk wkdw k+3, @ 3 dqg H^k+Y w ,`h{lvwv 0 qrwh wkdw +9, lv reylrxvo| edodqfhg vlqfh doo whupv duh vkruw phpru| lq phdq surfhvvhv1 < Xvlqj reylrxv pdwul{ qrwdwlrq/ +9, pd| eh uhzulwwhq dv=
zlwk t htxdwlrqv/ u idfwruv rq wkh uljkw0kdqg0vlgh dqg/ wkhuhiruh/ +t u, lqgh0 shqghqw olqhdu frpelqdwlrqv e w @ B Z w vxfk wkdw e w @ B $ w dqg hdfk hohphqw ri Z w lv d udqgrp zdon1
Dq lqwhuhvwlqj h{whqvlrq ri frlqwhjudwlrq dqg htxloleulxp fruuhfwlrq prg0 hoolqj lqyroyhv wkh cdpdojdpdwlrq* ri frlqwhjudwlqj uhodwlrqvklsv dfurvv glhuhqw vhfwruv ri dq hfrqrp|1 Iru h{dpsoh/ ohw [ 4w dqg [ 5w eh wzr t0frpsrqhqw yhfwruv ri hfrqrplf yduldeohv iurp glhuhqw vhfwruv ri wkh hfrqrp| wkdw frlq0 Wkh hpslulfdo uhvxowv iurp h{hfxwlqj vhyhudo xqlw urrw whvw vwdwlvwlfv rq \ / D/ VN/ VK dqg ] +qrw uhsruwhg wr frqvhuyh vsdfh,/ glg qrw hqdeoh xv wr uhmhfw wkh qxoo k|srwkhvlv ri qrqvwdwlrqdulw| iru dq| ri wkh vhulhv lq ohyhov 0 zlwk wkh h{fhswlrq ri VN iru wkh XV 0 zkloh zh zhuh deoh wr uhmhfw wkh qxoo ri qrqvwd0 wlrqdulw| iru hdfk ri wkh vhulhv lq uvw glhuhqfh1 Vr/ zh frqfoxghg wkdw wkh vhulhv lq txhvwlrq duh uhdol}dwlrqv iurp vwrfkdvwlf surfhvvhv lqwhjudwhg ri rughu rqh/ L+4,1
Lq rughu wr hvwdeolvk d vhulhv iru wkh ghyldwlrqv iurp wkh orqj0uxq htxlole0 ulxp ri oderxu surgxfwlylw|/ iru hdfk ri wkh frxqwulhv h{dplqhg/ zh whvwhg iru frlqwhjudwlrq lq wkh vwdwlf uhjuhvvlrq=
44 ]yl Julolfkhv dqg Urq Vplwk duh judwhixoo| dfnqrzohgjhg iru wkhlu vxjjhvwlrqv dqg jxlg0 dqfh lq wkh frqvwuxfwlrq ri wkh U)G vwrfn phdvxuh1 Wkh pdlq uhdvrq iru xvlqj wkh U)G vwrfn lv wkdw/ dowkrxjk U)G grhv qrw fdswxuh hyhu|wklqj fryhuhg e| wkh qrwlrq ri whfkqrorj|/ U)G0edvhg lqglfdwruv duh wkh prvw zlgho| xvhg sur{lhv lq wklv frqwh{w dqg/ prvw whoolqjo|/ U)G dfwlylwlhv kdyh jurzq lq lpsruwdqfh dv vrxufhv ri whfkqrorj| +Sdwhoo dqg Sdylww/ 4<<8> Julolfkhv/ 4<<5/ 4<<7/ 4<<8/ 4<<;> Jhurvnl/ 4<<8> Whpsoh/ 4<<<,1 Dqrwkhu uhdvrq lv wkdw dowhuqdwlyh sur{lhv iru whfkqrorjlfdo fkdqjh xvhg ru vxjjhvwhg e| wkh olwhudwxuh 0 vxfk dv/ iru h{dpsoh/ sdwhqwlqj dfwlylw|/ gluhfw phdvxuhv ri lqqrydwlrqv/ qxpehu ri vflhqwlvwv dqg hqjl0 qhhuv hpsor|hg rq U)G/ vxuyh|v ri whfkqlfdo h{shuwv/ whfkqrphwulfv lqglfdwruv 0 duh rqo| dydlodeoh iru vkruwhu vdpsoh shulrgv iru vrph ri wkh frxqwulhv h{dplqhg khuh +vhh Mrqhv/ 4<<8,1 Pruhryhu/ qrwh wkdw/ dowkrxjk/ frqvlvwhqw zlwk prvw ri wkh uhohydqw olwhudwxuh +vhh Julolfkhv/ 4<<8/ 4<<;,/ zh dgrsw d ghsuhfldwlrq udwh ri 48 shufhqw lq frqvwuxfwlqj wkh vwrfn phdvxuh ri U)G/ wkh hpslulfdo uhvxowv jlyhq ehorz zhuh irxqg txdolwdwlyho| xqfkdqjhg zkhq xvlqj d ghsuhfldwlrq udwh ri hlwkhu 8 shufhqw/ 43 shufhqw ru 53 shufhqw1 45 46 H{hfxwlrq ri zhdn h{rjhqhlw| whvwv rq hdfk ri È | / Ug | / Uw | dqg~| vhsdudwho| +lh1 whvwlqj h{foxvlrq uhvwulfwlrqv rq wkh lqglylgxdo dgmxvwphqw frh!flhqwv, dovr lqglfdwhg qrq0uhmhfwlrq ri wkh qxoo k|srwkhvlv ri zhdn h{rjhqhlw| lq hyhu| fdvh1 Lq dgglwlrq/ zh dovr whvwhg iru vwurqj h{rjhqhlw| e| dvvxplqj zhdn h{rjhqhlw| dqg dsso|lqj Judqjhu qrq0fdxvdolw| whvwv iru ihhgedfnv iurp {t|1 Vlqfh t dqg wkh irxu h{sodqdwru| yduldeohv duh frlqwhjudwhg/ Judqjhu qrq0fdxvdolw| fdq dovr eh whvwhg zlwklq wkh frpsohwh YDU prgho lq E vsdfh/ dqg wkh whvwv iru h{foxglqj frh!flhqwv ri odjjhg t| kdyh d olplwlqj ) 2 glvwulexwlrq dv vkrzq/ iru h{dpsoh/ lq Zdwvrq +4<<7,1 Wkh uhvxowv +qrw uhsruwhg wr frqvhuyh vsdfh exw dydlodeoh iurp wkh dxwkru rq uhtxhvw, lqglfdwhg uhmhfwlrq ri vwurqj h{rjhqhlw| iru hdfk ri wkh yduldeohv lq wkh YDU1 47 Wkh uhvwulfwlrq ri d xqlw| frh!flhqw rq È | frxog qrw eh uhmhfwhg iru wkh XN/ Jhupdq|/ Fdqdgd dqg Lwdo| zlwk s0ydoxhv htxdo wr f#2/ f#2D/ f#eS dqg f#b uhvshfwlyho|/ zkloh lw zdv uhmhfwhg iru wkh XV/ Mdsdq dqg Iudqfh zlwk s 0ydoxhv htxdo wr f#fe/ f#f dqg f#fe uhvshfwlyho| 0 wkhvh olnholkrrg udwlr whvw vwdwlvwlfv duh reylrxvo| glvwulexwhg dv ) 2 E1 Zh dovr whvwhg h{fox0 vlrq uhvwulfwlrqv rq wkh ghwhuplqlvwlf wuhqg lq wkh frlqwhjudwlrq vsdfh/ exw iru hdfk frxqwu| zh zhuh deoh wr uhmhfw wkh k|srwkhvlv wkdw wkh wuhqg lv qrw vwdwlvwlfdoo| vljqlfdqw dw frqyhqwlrqdo judwlqj yhfwruv +diwhu qrupdolvlqj wkh frh!flhqw ri \ wr 4, dqg wkhlu vwdqgdug huuruv iru hdfk ri wkh J: frxqwulhv zlwk wkh whfkqrorj| krprjhqhlw| uhvwulfwlrq lpsrvhg iru wkh XN/ Jhupdq|/ Fdqdgd dqg Lwdo|1 Wkh hvwlpdwhg frlqwhjudw0 lqj sdudphwhuv dsshdu vwdeoh ryhu wlph iru hdfk frxqwu|/ dv vkrzq ylvxdoo| e| wkh uhfxuvlyh hvwlpdwhv ri wkh xquhvwulfwhg sdudphwhuv sorwwhg/ wrjhwkhu zlwk soxv2plqxv wzlfh wkh fruuhvsrqglqj vwdqgdug huuruv/ lq Iljxuh 41 Wkh uhvxowv duh yhu| vdwlvidfwru| lq wkdw wkh hvwlpdwhg frh!flhqwv rq VN/ VK dqg ] duh fruuhfwo| vljqhg dqg wkh k|srwkhvlv wkdw wkh vxp ri wkh frh!flhqw rq VN soxv wkh frh!flhqw rq VK htxdov wkh frh!flhqw rq ] +lq devroxwh vl}h, frxog qrw eh uhmhfwhg iru doo frxqwulhv frqvlghuhg/ surylglqj wkhuhiruh vxssruw iru wkh dxj0 phqwhg Vrorz0Vzdq prgho1 Prvw lqwhuhvwlqjo|/ wkh hvwlpdwhg frh!flhqwv gr qrw glhu zlgho| dfurvv wkh J: frxqwulhv/ |lhoglqj vhqvleoh lpsolhg ydoxhv ri wkh vwuxfwxudo surgxfwlrq ixqfwlrq sdudphwhuv1 Lq jhqhudo/ iru doo frxqwulhv frqvlghuhg/ zkloh kxpdq fdslwdo dsshduv wr sod| d vljqlfdqw uroh lq wkh frlq0 whjudwlqj uhjuhvvlrq/ wkh lpsolhg hvwlpdwh ri wkh sk|vlfdo fdslwdo dffxpxodwlrq udwh lv dozd|v kljkhu wkdq wkh lpsolhg hvwlpdwh ri wkh sdudphwhu dvvrfldwhg zlwk wkh kxpdq fdslwdo dffxpxodwlrq udwh/ lh1 A 1 Wkh hvwlpdwhg frh!flhqwv rq VN dqg VK jlyhq lq Sdqho F ri Wdeoh 4 lpso|/ iru h{dpsoh/ wkdw @ 3=75 dqg @ 3=57 iru wkh XV zkhuhdv @ 3=69 dqg @ 3=66 iru wkh XN1 Wkxv/ qrwzlwkvwdqglqj wkh lqdelolw| wr lpsrvh wkh uhvwulfwlrq wkdw wkh frh!flhqw rq D w htxdov xqlw| lq wkuhh rxw ri vhyhq fdvhv/ rxu frlqwhjudwlrq dqdo|vlv surylghv hyl0 ghqfh vxssruwlqj wkh dxjphqwhg Vrorz0Vzdq prgho/ dovr vxjjhvwlqj hvwlpdwhg sdudphwhuv ri wkh surgxfwlrq ixqfwlrq zklfk duh sodxvleoh dqg idluo| frqvlvwhqw zlwk rxu hfrqrplf sulruv1
Wkh qglqj wkdw d frlqwhjudwlqj uhodwlrqvkls h{lvwv ehwzhhq d vhw ri yduldeohv lpsolhv wkdw dq HFP h{lvwv +Judqjhu/ 4<;9,1 Wkhuhiruh/ zh xvhg wkh frlqwh0 judwlqj uhvlgxdov 0 wkh hvwlpdwhg htxloleulxp huuru +x w , 0 iru hdfk ri wkh vhyhq frxqwulhv h{dplqhg erwk dv wkh edvlv iru rxu olqhdulw| whvwlqj dqg dv wkh htxlole0 ulxp fruuhfwlrq whup lq wkh hfrqrphwulf prghoolqj ri wkh dgmxvwphqw wrzdugv wkh vwhdg| vwdwh1 815 Olqhdu g|qdplf prghoolqj Wkhq/ wkh olqhdu HFP hvwlpdwhg mrlqwo| iru hdfk frxqwu| h{dplqhg/ dovr doorzlqj iru vslooryhu hhfwv lq jurzwk g|qdplfv zlwklq wkh J:/ lv ri wkh irup=
zkhuh n 3 lv d frqvwdqw whup/ lv wkh vshhg ri dgmxvwphqw frh!flhqw/ dqg wkh odj ohqjwk s zdv vhw htxdo wr wzr1 Wkh uhvxowv iurp wkh IJOV hvwlpdwlrq ri sduvlprqlrxv htxloleulxp fruuhfwlrq prghov iru oderxu surgxfwlylw| jurzwk iru hdfk ri wkh J: frxqwulhv/ rewdlqhg e| dgrswlqj d frqyhqwlrqdo jhqhudo0wr0vshflf surfhgxuh dv ruljlqdoo| vxjjhvwhg e| Gdylgvrq/ Khqgu|/ Vued dqg \hr +4<:;, dqg Khqgu|/ Sdjdq dqg Vdujdq +4<;7,/ duh uhsruwhg lq Sdqho D ri Wdeoh 51 Wkh uhvxowlqj prghov dsshdu wr eh dg0 htxdwh lq whupv ri txlwh kljk frh!flhqwv ri ghwhuplqdwlrq dqg dssur{lpdwho| zklwh qrlvh uhvlgxdov +vhh Sdqho E ri Wdeoh 5,1
49 Iru hdfk frxqwu| l 5 i4> ===> :j/ wkh vshhg ri dgmxvwphqw frh!flhqw l lv ri sduwlfxodu lqwhuhvw lq wkdw lw kdv lpsruwdqw lpsolfdwlrqv iru wkh g|qdplfv ri wkh prgho1 Lq idfw/ iru dq| jlyhq ydoxh ri wkh ghyldwlrqv iurp orqj0uxq htxloleulxp/ d odujh ydoxh ri wkh vshhg ri dgmxvwphqw l lv dvvrfldwhg zlwk d odujh ydoxh ri wkh fkdqjh lq oderxu surgxfwly0 lw|1 Li l lv }hur/ krzhyhu/ wkh fkdqjh lq oderxu surgxfwlylw| dw wlph w grhv qrw uhvsrqg dw doo wr wkh ghyldwlrq iurp orqj0uxq htxloleulxp lq shulrg +w 4,1 Dv vkrzq lq Wdeoh 5/ wkh hvwlpdwhg frh!flhqw rq wkh htxloleulxp fruuhfwlrq whup lv irxqg wr eh vwdwlvwlfdoo| vljqlfdqwo| glhuhqw iurp }hur dw frqyhqwlrqdo qrplqdo ohyhov ri vljqlfdqfh lq hdfk fdvh/ vxjjhvwlqj 0 frqvlvwhqw zlwk wkh uhvxowv ri wkh 48 D olnholkrrg udwlr whvw vwdwlvwlf ri wkh qxoo k|srwkhvlv wkdw wkh yduldqfh0fryduldqfh pdwul{ rewdlqlqj iurp wkh fkdqjhv lq oderxu surgxfwlylw| lq hdfk ri wkh J: frxqwulhv lv gldjrqdo vxj0 jhvwhg yhu| vwurqj uhmhfwlrq ri wkh qxoo k|srwkhvlv +zlwk d s 0ydoxh ri yluwxdoo| }hur,/ lpso|lqj wkdw IJOV hvwlpdwlrq pd| |lhog d odujh h!flhqf| jdlq1 49 Zh dovr uhsruw whvwv iru dxwruhjuhvvlyh frqglwlrqdo khwhurvfhgdvwlflw| +DUFK, +Hqjoh/ 4<;5,/ dowkrxjk rqh pd| qrw h{shfw wr qg vljqlfdqw DUFK hhfwv dw dqqxdo iuhtxhqf|1 Vljqlfdqw whvw vwdwlvwlfv lq wkh suhvhqw frqwh{w zrxog eh lqwhusuhwhg/ wkhuhiruh/ phuho| dv lqglfdwlyh ri wkh suhvhqfh ri dq xqnqrzq irup ri plvvshflfdwlrq1 Dovr/ xvlqj uhfxuvlyh hvwlpdwlrq zh h{hfxwhg uhfxuvlyh Fkrz whvwv iru vwdelolw| ri wkh hvwlpdwhg frh!flhqwv dqg wkh uhvlgxdov iru hdfk ri wkh prghov/ exw lq qr fdvh zh ghwhfwhg hylghqfh ri lqvwdelolw|1 Iru hdfk htxdwlrq/ wkh Fkrz whvw dssolhg wr wkh uhvlgxdov zklfk |lhogv wkh vpdoohvw s 0ydoxh lv uhsruwhg lq Wdeoh 51 frlqwhjudwlrq dqdo|vlv 0 wkdw wkhuh lv d orqj0uxq uhodwlrqvkls ri wkh w|sh lpsolhg e| wkh dxjphqwhg Vrorz0Vzdq prgho1 Dovr/ wkh uhvxowv surylgh hylghqfh ri vslooryhu hhfwv dfurvv wkh J: dqg/ lq sduwlfxodu/ iurp wkh XV wr hdfk ri wkh rwkhu J: frxqwulhv1 WDEOH 5 DERXW KHUHZ h qrz wxuq wr wkh hpslulfdo h{dplqdwlrq ri srwhqwldo qrqolqhdulwlhv lq wkh dgmxvwphqw ri oderxu surgxfwlylw| wrzdugv lwv htxloleulxp ohyho/ dv d whvw ri rxu sulru wkdw wkh dgmxvwphqw wrzdugv wkh vwhdg| vwdwh lq wkh dxjphqwhg Vrorz0 Vzdq prgho lv qrqolqhdu1 816 Olqhdulw| whvwv dqg qrqolqhdu htxloleulxp fruuhfwlrq prghov
Zh vwduw e| surylglqj vrph hylghqfh ri qrqolqhdulw| lq wkh hvwlpdwhg htxloleulxp huuru x w iurp htxdwlrq +;, xvlqj wkh UHVHW +Udpvh|/ 4<9<, whvw vwdwlvwlf1 Wkh UHVHW whvw/ zklfk lv d idluo| jhqhudo plvvshflfdwlrq whvw dqg xvhv ihz ghjuhhv ri iuhhgrp/ vhhpv sduwlfxoduo| dssursuldwh lq wkh suhvhqw frqwh{w jlyhq wkh vpdoo qxpehu ri revhuydwlrqv dydlodeoh1 Xqghu wkh UHVHW whvw vwdwlvwlf/ wkh dowhuqdwlyh prgho lqyroyhv d kljkhu0rughu sro|qrpldo wr uhsuhvhqw d glhuhqw ixqfwlrqdo irup> xqghu wkh qxoo k|srwkhvlv/ wkh vwdwlvwlf lv glvwulexwhg dv " 5 +g, zlwk g htxdo wr wkh qxpehu ri kljkhu0rughu whupv lq wkh dowhuqdwlyh prgho1 Lq frqvwuxfwlqj wkh whvwv zh xvh wkh I 0vwdwlvwlf irup/ vlqfh lw lv zhoo nqrzq wkdw lq qlwh vdpsohv wkh dfwxdo whvw vl}h ri wkh I dssur{lpdwlrq pd| eh forvhu wr wkh qrplqdo vljqlfdqfh ohyho wkdq wkh dfwxdo vl}h ri wkh " 5 dssur{lpdwlrq +hj1 Kduyh|/ 4<<3/ ss1 4:704:8> Judqjhu dqg Whuçvyluwd/ ss1 :90:<,1 Lq Wdeoh 6 zh uhsruw wkh uhvxowv iurp h{hfxwlqj UHVHW whvw vwdwlvwlfv rewdlqhg frqvwuxfwlqj d uvw0rughu dxwruhjuhvvlyh prgho iru wkh frlqwhjudwlqj uhvlgxdov zlwk dq lqwhufhsw dqg dxjphqwlqj wkdw e| wkh vtxduhg dqg fxehg wwhg ydoxhv1 Wkh uhvxowv vxjjhvw yhu| vwurqj uhmhfwlrq ri wkh qxoo k|srwkhvlv iru doo frxqwulhv frqvlghuhg zlwk d s0ydoxh ri yluwxdoo| }hur1
4:
WDEOH 6 DERXW KHUHJ lyhq wkh uhvxowv iurp wkh olqhdulw| whvwv/ zh hvwlpdwhg qrqolqhdu htxlole0 ulxp fruuhfwlrq prghov iru \ / zlwk wkh hvwlpdwhg htxloleulxp huuru uhwulhyhg iurp +;, dv wkh htxloleulxp fruuhfwlrq whup1 Mrlqw hvwlpdwlrq ri wkh vhyhq htxl0 oleulxp fruuhfwlrq prghov lv e| pxowlyduldwh qrqolqhdu ohdvw vtxduhv +Jdoodqw/ 4<;:> Jdoodqw dqg Zklwh/ 4<;;,1 Dovr/ lq rughu wr vhohfw jrrg vwduwlqj ydoxhv ri wkh sdudphwhuv zh xvhg suholplqdu| hvwlpdwhv ri olqhdu htxloleulxp fruuhfwlrq prghov> lq wkh hpslulfdo dqdo|vlv/ wklv phwkrg suryhg wr eh yhu| hhfwlyh iru dfklhylqj frqyhujhqfh lq wkh hvwlpdwlrq ri wkh qrqolqhdu htxloleulxp fruuhfwlrq prghov1 Zh wkhq dssolhg d jhqhudo0wr0vshflf surfhgxuh lq rughu wr uhdfk sduvl0 prqlrxv hpslulfdo prghov1 Wkh sduvlprqlrxv prghov zhuh rewdlqhg e| cwhvwlqj 4: Kljkhu0rughu dxwruhjuhvvlyh whupv iru wkh frlqwhjudwlqj uhvlgxdov zhuh irxqg wr eh vwdwlv0 wlfdoo| lqvljqlfdqw dw frqyhqwlrqdo qrplqdo ohyhov ri vljqlfdqfh1 Pruhryhu/ xvlqj d vhfrqg0 ru d wklug0rughu dxwruhjuhvvlyh prgho |lhoghg txdolwdwlyho| lghqwlfdo uhvxowv1 Dovr/ qrwh wkdw/ zkhq d uvw0rughu prgho lv xvhg/ wkh UHVHW whvw lv htxlydohqw wr wkh olqhdulw| whvw ghulyhg e| Oxxnnrqhq/ Vdlnnrqhq dqg Whuçvyluwd +4<;;,1 grzq* wkh jhqhudo v|vwhp ri huuru fruuhfwlrq prghov zlwk d odj ohqjwk ri wzr/ lp0 srvlqj h{foxvlrq uhvwulfwlrqv rq wkh frh!flhqw zlwk wkh orzhvw +lq devroxwh vl}h, lqvljqlfdqw w0udwlr dqg uh0hvwlpdwlqj wkh v|vwhp vhtxhqwldoo|1 Zh uhshdwhg wkh hvwlpdwlrq surfhgxuh vhyhudo wlphv xvlqj glhuhqw dowhuqdwlyh vhtxhqfhv dqg dovr xvlqj glhuhqw vhwv ri vwduwlqj ydoxhv iru wkh sdudphwhuv lq rughu wr hqvxuh wkdw wkh uhvxowv zhuh urexvw wr wkh vshflfdwlrq vhdufk uxoh dqg wkdw d joredo plqlpxp zdv dfklhyhg1
Diwhu frqvlghudeoh h{shulphqwdwlrq zlwk ydulrxv qrqolqhdu srvvlelolwlhv iru prghoolqj wkh dgmxvwphqw wrzdugv orqj0uxq htxloleulxp/ wkh orjlvwlf fxpxodwlyh glvwulexwlrq ixqfwlrq vxjjhvwhg e| Judqjhu dqg Vzdqvrq +4<<9/ s1 87<, zdv irxqg wr zrun h{wuhpho| zhoo=
Lq +44, zh dovr dffrxqw iru wkh srvvlelolw| wkdw/ zkloh frlqwhjudwlrq lv hvwdeolvkhg lq wkh ixqgdphqwdo vwdwlf htxdwlrq ri wkh dxjphqwhg Vrorz0Vzdq prgho iru hdfk ri wkh lqglylgxdo frxqwulhv/ ghvslwh orqj0uxq vhsdudwlrq/ wkh dgmxvwphqw wrzdugv orqj0uxq htxloleulxp lv fkdudfwhulvhg e| wkh htxloleulxp huuru iurp rqh htxdwlrq hqwhulqj rwkhu htxloleulxp fruuhfwlrq htxdwlrqv ri wkh vdph v|vwhp/ lh1 zh lqfoxghg lq X wÃ4 doo wkh hvwlpdwhg htxloleulxp huuruv iurp hdfk htxdwlrq1
4;
Dvvxplqj k O + ,/ wkh qrqolqhdu HFP wdnhv wkh irup=
Zkloh wkh ixqfwlrqdo irup +44, kdv suryhg wr eh yhu| vxffhvvixo lq prghoolqj pdfurhfrqrplf wlph vhulhv lq wkh uhfhqwo| eruq olwhudwxuh rq qrqolqhdu htxlole0 ulxp fruuhfwlrq surfhvvhv +hj1 Judqjhu dqg Vzdqvrq/ 4<<9,/ lw lv fohdu wkdw wkh qrqolqhdu dgmxvwphqw lpsolhg e| wkh jhqhudolvdwlrq ri wkh dxjphqwhg Vrorz0 Vzdq prgho suhvhqwhg deryh grhv qrw surylgh d frpshoolqj udwlrqdoh iru wkh orjlvwlf fxpxodwlyh glvwulexwlrq ixqfwlrq1 Lq idfw/ rxu fkrlfh wr fkdudfwhulvh wkh qrqolqhdu dgmxvwphqw surfhvv lq wklv frqwh{w xvlqj d orjlvwlf ixqfwlrq lv pdlqo| prwlydwhg rq vwdwlvwlfdo jurxqgv/ dv vwurqj hpslulfdo hylghqfh lq idyru ri qrq0 olqhdulw| dqg dv|pphwu| ri wkh w|sh lpsolhg e| htxdwlrq +44, kdv ehhq surylghg xvlqj rxwsxw/ lqgxvwuldo surgxfwlrq dqg rwkhu uhodwhg wlph vhulhv e| d qxpehu ri uhvhdufkhuv +qrwdeo| Judqjhu dqg Whuçvyluwd/ 4<<6> Whuçvyluwd/ 4<<8> Vndolq dqg Whuçvyluwd/ 4<<<,1 Lqdghtxdf| ri wkh orjlvwlf ixqfwlrq +44, wr ghvfuleh wkh dgmxvwphqw ri oderxu surgxfwlylw| pd| eh h{shfwhg wr vkrz xs lq wkh lqdelolw| wr w d qrqolqhdu HFP zlwk sodxvleoh hvwlpdwhv ri wkh sdudphwhuv ru lq wkh Zlwk wklv fdyhdw lq plqg/ krzhyhu/ wkh hpslulfdo uhvxowv glvfxvvhg ehorz vxjjhvw wkdw/ lq prghoolqj ghyldwlrqv iurp wkh vwhdg| vwdwh/ wkh orjlvwlf fxpx0 odwlyh glvwulexwlrq ixqfwlrq surylghv d yhu| vljqlfdqw lpsuryhphqw lq whupv ri jrrgqhvv ri w uhodwlyh wr wkh ehvw0wwlqj olqhdu HFP dv zhoo dv uhodwlyh wr do0 whuqdwlyh qrqolqhdu htxloleulxp fruuhfwlrq prghov zklfk dovr rxwshuiruphg wkh ehvw0wwlqj olqhdu HFP1 Dovr/ rqh sodxvleoh lqwhusuhwdwlrq ri wkh orjlvwlf ixqfwlrq pd| eh wkh iroorz0 lqj1 Vxssrvh wkdw wkh olqhdu htxloleulxp fruuhfwlrq whup lv d wdqjhqw ri wkh orjlvwlf ixqfwlrq sdvvlqj wkurxjk wkh srlqw ri lq hfwlrq ri wkh orjlvwlf ixqfwlrq lwvhoi1 Wkh hvwlpdwhg prgho hpsor|hg khuh wkhq lqglfdwhv wkdw wkh vwuhqjwk ri dwwudfwlrq dssurdfkhv d frqvwdqw dv rqh pryhv rxw ri wkh htxloleulxp/ zkloh wkh htxloleulxp fruuhfwlrq zrxog lqglfdwh wkdw wkh vwuhqjwk ri dwwudfwlrq lqfuhdvhv olqhduo| lq wkh vdph vlwxdwlrq1 Lq dgglwlrq/ wkh qglqj wkdw d orjlvwlf ixqf0 wlrq zhoo fkdudfwhulvhv wkh dgmxvwphqw wrzdugv wkh vwrfkdvwlf vwhdg| vwdwh pd| dovr eh lqwhusuhwhg dv hylghqfh ri exvlqhvv f|foh dv|pphwulhv1 Lq wkdw vhqvh/ wkh orjlvwlf ixqfwlrq ghvfulehv d vlwxdwlrq zkhuh wkh frqwudfwlrq dqg h{sdqvlrq skdvhv ri dq hfrqrp| glvsod| glhuhqw g|qdplfv +vhh wkh uhihuhqfhv lq Judqjhu dqg Whuçvyluwd/ 4<<6/ ss1 474047:> Vndolq dqg Whuçvyluwd/ 4<<<,1
Wkh uhvxowv iurp hvwlpdwlqj qrqolqhdu htxloleulxp fruuhfwlrq prghov zlwk wkh ixqfwlrq +44, ghvfulelqj wkh qrqolqhdu dgmxvwphqw/ uhsruwhg lq Sdqho D ri Wdeoh 7/ lqglfdwh wkdw wkh hvwlpdwhg qrqolqhdu htxloleulxp fruuhfwlrq prghov kdyh vlplodu ihdwxuhv dfurvv frxqwulhv/ glvsod|lqj d yhu| vwurqjo| vljqlfdqw dv0 vrfldwlrq ehwzhhq \ dqg VN/ dqg zlwk vrph ri wkh htxloleulxp huuruv iurp hfrqrplhv ri wkh J: irxqg vljqlfdqw lq rwkhu htxloleulxp fruuhfwlrq prghov h{dplqhg1 Dv rqh pljkw h{shfw/ wkh XV htxloleulxp huuru lv irxqg wr eh vljql0 fdqw lq hdfk ri wkh hvwlpdwhg qrqolqhdu htxloleulxp fruuhfwlrq prghov/ vxjjhvwlqj wkdw vslooryhu hhfwv lq jurzwk g|qdplfv iurp wkh XV hfrqrp| duh yhu| vwurqjo| vljqlfdqw zlwklq wkh J:1 Lq frqwudvw/ vslooryhu hhfwv iurp rwkhu J: frxqwulhv duh qrw irxqg wr kdyh dq| vwdwlvwlfdoo| vljqlfdqw hhfw lq wkh XV1 Dovr/ zkloh wkh htxdwlrqv iru Mdsdq dqg Lwdo| glvsod| vwdwlvwlfdoo| vljqlfdqw vslooryhu hi0 ihfwv rqo| iurp wkh XV/ wkh uhpdlqlqj irxu J: frxqwulhv dsshdu wr kdyh pruh frpsoh{ g|qdplfv lq wkdw oderxu surgxfwlylw| fkdqjhv uhvsrqg wr wkuhh +iru wkh XN dqg Fdqdgd, ru irxu +iru Jhupdq| dqg Iudqfh, hvwlpdwhg J: htxloleulxp huuruv1 Iru hdfk frxqwu|/ krzhyhu/ dv rqh pljkw h{shfw/ oderxu surgxfwlylw| pryhphqwv uhvsrqg prvw vwurqjo| wr wkh ghyldwlrqv iurp wkh vwhdg| vwdwh lq wkh grphvwlf frxqwu|1 Pruhryhu/ iru hdfk prgho/ wkh hvwlpdwhg sdudphwhu rq wkh orjlvwlf fxpxodwlyh glvwulexwlrq ixqfwlrq lv irxqg wr eh yhu| vwurqjo| vljql0 fdqwo| glhuhqw iurp }hur/ fohduo| vxjjhvwlqj wkdw oderxu surgxfwlylw| uhvsrqgv dw wlph w wr ghyldwlrqv iurp orqj0uxq htxloleulxp dw wlph +w 4, lq d qrqolqhdu idvklrq dqg/ wkhuhiruh/ h{klelwv qrqolqhdu frqyhujhqfh wrzdugv wkh vwhdg| vwdwh1 WDEOH 7 DERXW KHUHD edwwhu| ri gldjqrvwlfv lv uhsruwhg lq Sdqho E ri Wdeoh 7/ lqfoxglqj d Mdutxh0 Ehud whvw iru qrupdolw|/ d whvw iru DUFK/ d Omxqj0Er{ whvw iru uhvlgxdo vhuldo fruuhodwlrq dqg d Gxuelq0Zdwvrq vwdwlvwlf/ qrqh ri zklfk zdv irxqg vljqlfdqw dw frqyhqwlrqdo qrplqdo ohyhov ri vljqlfdqfh1
4<
Zh dovr whvwhg iru hpslulfdo vwdelolw| ri wkh prgho e| frqvwuxfwlqj d Fkrz0w|sh uhfxuvlyh whvw iru hdfk qrq0 olqhdu HFP1 Wkh uhvxowv vxjjhvw qr vwuxfwxudo euhdn lq wkh uhvlgxdov/ zlwk wkh vpdoohvw s0ydoxh +uhsruwhg lq wkh odvw froxpq ri Sdqho E, uhdvrqdeo| odujhu wkdq wkh frqyhqwlrqdo yh shufhqw1
Jrrgqhvv0ri0w vwdwlvwlfv duh dovr irxqg wr eh yhu| vdwlvidfwru|= wkh frh!0 flhqwv ri ghwhuplqdwlrq/ dozd|v vljqlfdqwo| kljkhu wkdq wkh frh!flhqwv ri gh0 whuplqdwlrq ri wkh fruuhvsrqglqj olqhdu htxloleulxp fruuhfwlrq prghov uhsruwhg lq Wdeoh 5/ duh lq wkh udqjh ehwzhhq 3=;5 dqg 3=<71 Qhyhuwkhohvv/ zh frpsduhg wkh shuirupdqfh ri wkh qrqolqhdu HFP +45, qrw rqo| uhodwlyh wr wkh olqhdu HFP +43, exw dovr uhodwlyh wr wzr dowhuqdwlyh qrqolqhdu htxloleulxp fruuhfwlrq prg0 hov zklfk zhuh irxqg wr rxshuirup wkh olqhdu HFP gxulqj wkh h{shulphqwdwlrq ohdglqj wr wkh vhohfwlrq ri wkh qrqolqhdu HFP +45,1 Wkh uvw ri wkhvh qrqolqhdu prghov lv ri wkh irup +45, exw wkh qrqolqhdu ixqfwlrq hpsor|hg wr prgho wkh dgmxvwphqw wrzdugv htxloleulxp lv wkh h{srqhqwldo ixqfwlrq wr wkh fruuhvsrqglqj phdvxuh iru hdfk ri wkh wkuhh dowhuqdwlyh prghov frqvlg0 huhg1 Wkh uhvxowv/ uhsruwhg lq Wdeoh 8/ vkrz wkdw iru hdfk frxqwu| h{dplqhg wkh hvwlpdwhg qrqolqhdu HFP +45, odujho| rxwshuirupv wkh ehvw dowhuqdwlyh olq0 hdu prgho ohdglqj wr d vxevwdqwldo uhgxfwlrq 0 xs wr 5: shufhqw iru Mdsdq 0 ri wkh uhvlgxdo yduldqfh1 Pruhryhu/ erwk wkh qrqolqhdu HFP zlwk dq h{srqhqwldo ixqfwlrq ghvfulelqj wkh dgmxvwphqw wrzdugv htxloleulxp dqg wkh qrqolqhdu HFP zklfk doorzv iru glhuhqw vwuhqjwk ri dwwudfwlrq dsshdu wr rxwshuirup wkh olqhdu HFP/ dowkrxjk wkh| duh rxwshuiruphg lq jrrgqhvv ri w e| wkh qrqolqhdu HFP +45, rq wkh edvlv ri wkh irxu jrrgqhvv ri w phdvxuhv hpsor|hg1 817 Vxpplqj xs wkh hpslulfdo uhvxowv Ryhudoo/ wkh uhvxowv uhsruwhg lq wklv vhfwlrq vxjjhvw wkdw vljqlfdqw qrqolqhdu0 lw| lv suhvhqw lq wkh huuru uhsuhvhqwlqj wkh ghyldwlrq iurp orqj0uxq htxloleulxp lq wkh vwdwlf htxdwlrq lpsolhg e| wkh dxjphqwhg Vrorz0Vzdq prgho/ frqvlvwhqw zlwk rxu sulruv1 Dovr/ wkh qrqolqhdu dgmxvwphqw wrzdugv wkh vwhdg| vwdwh frxog eh prghoohg yhu| vdwlvidfwrulo| xvlqj d qxpehu ri glhuhqw dowhuqdwlyh qrqolqhdu vshflfdwlrqv1 Wkh suhihuuhg vshflfdwlrq zdv/ krzhyhu/ d orjlvwlf fxpxod0 wlyh glvwulexwlrq ixqfwlrq/ zklfk |lhoghg sodxvleoh hvwlpdwhv ri wkh sdudphwhuv dqg lqvljqlfdqw gldjqrvwlfv/ hqdeolqj xv wr lghqwli| d srwhqwldo gdwd jhqhudwlqj phfkdqlvp ri hfrqrplf jurzwk iru hdfk ri wkh frxqwulhv frqvlghuhg dqg vlj0 qlfdqwo| rxwshuiruplqj wkh dowhuqdwlyh olqhdu dqg qrqolqhdu prghov1 Ilqdoo|/ wkh htxloleulxp huuruv iurp frxqwulhv ri wkh J: riwhq hqwhuhg wkh htxloleulxp fruuhfwlrq htxdwlrqv ri rwkhu frxqwulhv ri wkh jurxs/ vxjjhvwlqj wkh suhvhqfh ri vljqlfdqw vslooryhu hhfwv lq jurzwk g|qdplfv1
Frqfoxglqj uhpdunv
Wudglwlrqdo jurzwk wkhru| lq olqh zlwk wkh dxjphqwhg Vrorz0Vzdq prgho lp0 solhv d orqj0uxq uhodwlrqvkls ehwzhhq oderxu surgxfwlylw| dqg wkh ghwhuplqdqwv ri wkh vwhdg| vwdwh/ zkloh wkh vwhdg| vwdwh glvsod|v furvv0frxqwu| khwhurjhqh0 lw| dqg ydulhv ryhu wlph/ dqg wkh dgmxvwphqw surfhvv wrzdugv htxloleulxp lv frqvlvwhqw zlwk d qrqolqhdu HFP1 Xvlqj srvwzdu gdwd iru wkh J: frxqwulhv/ zh frxog hvwdeolvk frlqwhjudwlrq lq wkh vwdwlf uhjuhvvlrq suhglfwhg e| wkh dxjphqwhg Vrorz0Vzdq prgho/ zlwk fruuhfwo| vljqhg dqg sodxvleoh lpsolhg hvwlpdwhv ri wkh surgxfwlrq ixqfwlrq sdudphwhuv1 Rxu uhvxowv fohduo| vxjjhvw wkdw whfkqrorj|/ fdslwdo dffxpxodwlrq udwh dqg oderxu irufh jurzwk jhqhudwh d vwrfkdvwlf orqj0 uxq htxloleulxp ohyho ri oderxu surgxfwlylw|1 Prvw whoolqjo|/ zh surylgh vwurqj hpslulfdo hylghqfh wkdw wkh dgmxvwphqw wrzdugv wkh vwhdg| vwdwh rffxuv lq d qrqolqhdu idvklrq dqg wkh jurzwk sdwk ri hdfk ri wkh J: frxqwulhv pd| eh vdw0 lvidfwrulo| prghoohg dv d qrqolqhdu HFP zlwk wkh dgmxvwphqw wrzdugv orqj0uxq htxloleulxp jryhuqhg e| d orjlvwlf fxpxodwlyh glvwulexwlrq ixqfwlrq1
Zkloh wkhvh uhvxowv udlvh lqwhuhvwlqj lvvxhv lq wkh uhohydqw olwhudwxuh/ wkh| vkrxog eh vhhq dv whqwdwlyh hylghqfh dqg ixuwkhu hpslulfdo zrun pljkw eh fdu0 ulhg rxw wrzdugv hvwdeolvklqj wkh urexvwqhvv ri rxu frqfoxvlrqv dqg dsso|lqj 4: wkh phwkrgv hpsor|hg lq wklv sdshu wr gdwd iru ghyhorslqj frxqwulhv1 Dovr/ hpslulfdo jurzwk prghov pd| eh hqulfkhg e| frqvlghulqj rwkhu idfwruv vxfk dv/ iru h{dpsoh/ sur{lhv iru hgxfdwlrq srolflhv/ fruuxswlrq dqg srolwlfdo lqvwdelo0 lw| +hj1 Dohvlqd dqg Shurwwl/ 4<<9> Eorpehuj/ 4<<9,/ yduldeohv uhodwhg wr wkh phglxp0whup pdfurhfrqrplf shuirupdqfh ri d frxqwu| zklfk pd| dhfw furvv0 frxqwu| glhuhqfhv lq hfrqrplf jurzwk sdwwhuqv +hj1 vhh Dqguhv/ Grphqhfk dqg Prolqdv/ 4<<9,/ ru sur{lhv iru vwdelol}dwlrq srolflhv zklfk pd| kdyh shuvlvwhqw hhfwv rq hfrqrplf jurzwk +vhh Eodfnexuq/ 4<<<,1 Ilqdoo|/ dowkrxjk wkh hpslu0 lfdo uhvxowv uhsruwhg lq wklv sdshu duh idluo| vdwlvidfwru|/ ghhshu xqghuvwdqglqj ri wkh wuxh xqnqrzq gdwd jhqhudwlqj phfkdqlvp ri jurzwk g|qdplfv pd| eh jdlqhg e| h{shulphqwlqj zlwk dowhuqdwlyh vwrfkdvwlf qrqolqhdu prghov dqg/ shu0 kdsv pruh lpsruwdqwo|/ e| vwuhqjwkhqlqj wkh olqn ehwzhhq hfrqrplf wkhru| dqg lwv hpslulfdo frxqwhusduw1 Wkhvh lvvxhv uhpdlq lpphgldwh dyhqxhv iru ixwxuh uhvhdufk1 
